ABSTRACT: Clinical implementation of novel products for tissue engineering and regenerative medicine requires a validated sterilization method. In this study, we investigated the effect of γ-irradiation and EtO degassing on material characteristics in vitro and the effect on template remodeling of hybrid tubular constructs in a large animal model. Hybrid tubular templates were prepared from type I collagen and Vicryl polymers and sterilized by 25 kGray of γ-irradiation or EtO degassing. The in vitro characteristics were extensively studied, including tensile strength analysis and degradation studies. For in vivo evaluation, constructs were subcutaneously implanted in goats for 1 month to form vascularized neotissue. Macroscopic and microscopic appearances of the γ-and EtOsterilized constructs slightly differed due to additional processing required for the COL-Vicryl-EtO constructs. Regardless of the sterilization method, incubation in urine resulted in fast degradation of the Vicryl polymer and decreased strength (<7 days). Incubation in SBF was less invasive, and strength was maintained for at least 14 days. The difference between the two sterilization methods was otherwise limited. In contrast, subcutaneous implantation showed that the effect of sterilization was considerable. A well-vascularized tube was formed in both cases, but the γ-irradiated construct showed an organized architecture of vasculature and was mechanically more comparable to the native ureter. Moreover, the γ-irradiated construct showed advanced tissue remodeling as shown by enhanced ECM production. This study shows that the effect of sterilization on tissue remodeling cannot be predicted by in vitro analyses alone. Thus, validated sterilization methods should be incorporated early in the development of tissue engineered products, and this requires both in vitro and in vivo analyses.
■ INTRODUCTION
Recent advances in the field of tissue engineering and regenerative medicine have led to the application of advanced tissue engineered products (skin grafts, tracheas, cartilage, bladder augmentations) in different patient groups, albeit patient numbers were limited. 1−4 The majority of research within this field is still at the preclinical stage, and novel biomaterials are still being developed for a variety of indications. Evaluation of novel biomaterials varies from mechanical characterization and degradation studies to cytoand biocompatibility assays. 5, 6 In general, the first step in in vivo evaluation is limited to subcutaneous implantation in small animals. 7, 8 For evaluation in larger animals, and in particular for successful clinical translation and implementation, standardized production with medical grade materials is required. One of the essential steps in this process is sterilization of constructs using a validated sterilization procedure. 9 The choice of sterilization method may affect the mechanical and biological features, for instance due to the aggressiveness of the sterilization procedure. 10 It is therefore important to evaluate the final sterilized medical grade products in vitro and in vivo. 11, 12 For preclinical application of biomaterials, gamma(γ)-irradiation and ethylene oxide degassing (EtO) are the most frequently used sterilization methods. 13 With γ-irradiation, wet materials can be sterilized, which eliminates additional processing. Materials can therefore be packaged in ethanol, which is necessary for long-term sterility and storage at −80°C
. However, during γ-irradiation of wet materials, free radicals are formed, leading to altered material properties. 9 Ethylene oxide (EtO) is a highly diffusive alkylating agent, and adequate degassing is needed to permit diffusion of remaining toxic derivatives, like chlorohydrin and ethylene glycol. 14 Compared to γ-irradiation, EtO degassing is a less invasive sterilization technique, and this may result in a material with prolonged strength and support. It may therefore be a preferred technique for polymeric materials. 15, 16 Collagen-based templates have been used for various reconstructive purposes, including in preclinical studies for urological tissue engineering to reconstruct parts of the urological tract. 17−19 In a previous study, a γ-irradiated hybrid tubular construct from type I collagen and a biodegradable Vicryl polymer mesh was used to create an artificial urinary conduit in a porcine model. 20 Interestingly, a functional conduit with urinary flow could be created after subcutaneous preimplantation, although severe shrinkage of the graft and skin contraction was observed. The implanted material was completely remodeled and did not provide sufficient structural integrity to prevent contraction. This could have been the consequence of several important aspects. It is possible that urine can contribute to the tissue remodeling as it creates an aberrant (micro)environment which may ultimately lead to deposition of more fibroblasts, leading to graft shrinkage. Second, young (porcine) animals were used, known for their fast growth, specific skin properties, and regeneration. 21 This may also cause excessive wound contraction. Third, the choice of sterilization technique may have extensively influenced the final outcome since γ-sterilization enhances Vicryl biodegradability from 2 months to less than 1 month. 22 We hypothesized that using a less invasive sterilization technique, i.e., EtO degassing, would result in prolonged template stability and improved remodeling. In this study, we therefore compared two validated sterilization techniques, i.e., γ-irradiation and EtO degassing, in terms of mechanical properties, degradation, and template remodeling in an adult animal model (goat) mimicking tissue regeneration in the adult patient population.
■ MATERIALS AND METHODS
Tubular Hybrid Template Preparation. Tubular hybrid templates (l = 10 cm, ⌀ = ± 15 mm) were prepared in a cleanroom facility (EMCM B.V., Nijmegen, The Netherlands), using a previously described protocol. 23 In brief, a 0.7% (w/v) collagen type I suspension prepared from bovine achilles tendon (Collagen Solutions, Eden Praire, USA) was combined with a tailor-made tubularized Vicryl polymer mesh (VM74, Ethicon, Somerville, NJ, USA) in a silicon mold. A stainless steel mandrel (⌀ = 15 mm) was inserted to create a lumen in the tubular construct. After freezing and freezedrying, scaffolds were strengthened by chemical cross-linking using EDC/NHS. 24 Subsequently, constructs were either packaged in blisters with 70% ethanol for sterilization by a standard dose of 25 kGray of gamma (γ)-irradiation (Synergy Health, Etten-Leur, The Netherlands) or further processed for sterilization by ethylene oxide degassing (EtO, Synergy Health, Venlo, The Netherlands). This required additional freezing and freeze-drying and subsequent packaging in blisters. Cross-linking efficiency was determined by trinitrobenzenesulfonic acid assay, 24 and construct morphology was assessed by scanning electron microscopy (SEM, JEOL 6310) and histology by hematoxylin (Klinipath, Duiven, The Netherlands) and eosin (Boom, Meppel, The Netherlands; HE).
Tensile Strength Analysis. The mechanical characteristics of the wetted tubular constructs were evaluated using a tensile tester with a 2.5 kN load cell (Z2.5 TN, Zwick/Roell, Ulm, Germany). A circular ring test was performed on ring pieces of the constructs (width (w): 6.4 ± 0.7 mm, thickness (t): 3.1 ± 0.4 mm, n = 14 from 2 COLVicryl-EtO constructs and l: 6.1 ± 0.6 mm, t: 2.9 ± 0.4 mm, n = 11 from 2 COL-Vicryl-γ constructs). The hooks of the apparatus were placed in contact with the upper and lower areas opposite each other (hook-to-hook distance), spaced 18.45 mm apart for the COL-VicrylEtO and 22.53 mm for the COL-Vicryl-γ, avoiding any "prestretch."
The upper hook was then moved upward with a crosshead speed of 50 mm/min until rupture. Samples were compared to native goat ureters, the primary anastomosis site for the artificial urostomy, which acts as an extended ureter. Ureters from two different goats were similarly analyzed, spaced 1.27 mm apart (n = 12). Data generation was performed as previously described. 25, 26 In brief, recorded force− displacement data were normalized to the test specimen dimensions to compute a stress−strain curve. The stress was expressed as the recorded force F [N], which reacted on the cross-sectional area A [mm 2 ] of the test specimen (thickness (t) × width (w) × 2), while the strain was expressed as the change in length ΔL [mm] divided by its original length (hook-to-hook distance) L 0 [mm] . As an indicator for construct stiffness, the Young's modulus was calculated from the slope (upswing region) of the computed stress−strain curve. Ultimate tensile strength (UTS) and failure strain were defined as the maximum stress and maximum strain, respectively, in the stress− strain curve before failure of the construct.
Degradation Assay. A degradation assay was performed in goat urine as well as in simulated body fluid (SBF) over 28 days. The goat urine was centrifuged at 2000g for 10 min at 4°C and filter sterilized to avoid cellular contaminants and ensure sterility. Urine was kept at 4°C until use. SBF was created as described. 27 In brief, SBF was made in a plastic beaker with 700 mL of demi-water and the consecutive addition of the following: 9. 23 . The mixture was then warmed to 36.5°C and adjusted to pH 7.4 with 1.0 M NaOH (Merck, Darmstadt, Germany). The precipitation potential of the SBF was checked on broken glass at 37°C. In contrast, the mixture should not precipitate at 4°C on plastic. Ring pieces of COL-Vicryl-EtO (w, 6.2 ± 0.8 mm; t, 2.8 ± 0.5 mm; n = 36 from three constructs) and COL-Vicryl-γ (w, 5.2 ± 0.6 mm; t, 3.2 ± 0.4 mm; n = 36 from three constructs) were incubated in six-well plates (Corning, Corning, New York, USA) at 37°C. N = 3 was used for each time point (day 0, 3, 7, 14, and 28) for three different conditions (goat urine and SBF). The constructs were evaluated by histology and tensile strength analysis as described above. COL-Vicryl-EtO and COL-Vicryl-γ rings in urine were spaced "hook-to-hook" 21.05 ± 1.75 mm and 21.81 ± 0.40 mm apart, respectively. COL-Vicryl-EtO and COL-Vicryl-γ rings in SBF were spaced 24.84 ± 1.50 mm and 21.63 ± 1.27 mm apart, respectively.
Subcutanous Implantation. The animal experiment was approved by the Ethical Committee on Animal Research of the Radboud University Medical Center, Nijmegen, The Netherlands (RU-DEC 2014 233). We included nine adult Saane goats (2−3 years, ±60 kg), receiving a restricted diet and water ad libitum. Animals were transported with a "buddy" goat but were individually housed with nose contact after surgery and placed in groups when possible at the animal farm. Randomization and blinding were not possible due to clear differences in physical appearances. Subcutaneous implantation was performed to form vascularized neo-tissue as previously described. 20 Under general anesthesia, subcutaneous pockets were created on the right flank below the muscle layer of the skin, through a 5 cm incision above the shoulder of the right hind leg. In three animals, one COL-Vicryl-EtO construct was preimplanted, and in three other animals, both the COL-Vicryl-EtO and COL-Vicryl-γ were implanted in different pockets on the same flank. The pockets were spatially apart to avoid interference of regeneration and/or inflammation. Constructs were extensively washed in PBS, slid over a silicon mandrel, and attached to the mandrel using CT-1 Vicryl sutures (Ethicon, Somerville, NJ, USA). The construct was then inserted into the pocket and attached to the fascia with CT-1 Vicryl sutures (Ethicon). The skin incision was subsequently closed with 2−0 Vicryl (Ethicon) for the subcutaneous
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Article fat and the skin. Goats received 15 mg/kg Albipen LA (ampicillin) I.M. during surgery and 15 mg/kg Albipen LA S.C. every 48 h after surgery.
Evaluation of Implants. One month later, the remodeled tubes were harvested and evaluated. Ring pieces (w, 7.0 ± 2.1 mm; t, 3.1 ± 0.1 mm; n = 7 for COL-Vicryl-EtO from two goats and w, 7.0 ± 1.5 mm; t, 3.4 ± 1.0 mm; n = 11 for COL-Vicryl-γ from three goats) were transferred to PBS and immediately measured by tensile strength analysis as described above. The hook spacing was 12.7 ± 1.9 mm for COL-Vicryl-EtO and 15.5 ± 0.6 mm for COL-Vicryl-γ, respectively. Ring pieces were transferred to 4% (v/v) formaldehyde (SigmaAldrich, St. Louis, MO, USA) in PBS for fixation and subsequent embedding in paraffin for microscopic analysis. HE slides were scored by three independent observers (MS, PG, PdJ) for collagen and Vicryl degradation, inflammation, tissue integration, and vascularity. Averages of the independent scorings were calculated and combined into a scoring profile. Representative slides were used for confirmation by Masson's Trichrome and immunohistochemistry.
Immunohistochemistry. Expression of type IV collagen (COLIV) and HIF1α was analyzed on paraffin-embedded material (5 μm thickness), mounted on silane-coated slides (New Silane III, Muto Pure Chemicals Co., Ltd., Tokyo, Japan). After deparaffinization and PBS washings, endogenous peroxidase activity was blocked by incubation in 1% (v/v) H 2 O 2 in PBS for 20 min.
For COLIV, antigen retrieval was performed using 0.05% (v/v) proteinase in PBS (20 min, 37°C, Merck, Darmstadt, Germany). Slides were then washed with PBS/Tween and incubated with 10% (v/v) swine serum (30 min) followed by incubation with the primary antibody (1 h, rabbit-α-human COLIV, 1:250, Abcam, Cambridge, UK). After washings, the sections were incubated with peroxidaselabeled swine-α-rabbit secondary antibody (30 min, SWARPO, 1:100, DakoCytomation, Glostrup, Denmark) followed by washings.
For HIF1α, heat-induced antigen retrieval was performed using sodium citrate (pH 6) followed by TBS/0.1%Tween20 washings. Blocking of endogenous biotin (and receptors) and avidin receptors (10 min, Vector Laboratories, Burlingame, California, USA) was performed with washing in between. After additional washing, endogenous proteins were blocked with 2% BSA (5 min), directly followed by incubation with the primary antibody (45 min, mouse-α-human HIF1α, 1:500, BD Biosciences, San Jose, CA, USA). After washings, sections were incubated with a biotin-labeled secondary antibody (15 min, donkey-α-mouse, 1:500, Jackson ImmunoResearch, West Grove, PA, USA). Slides were then washed and incubated 15 min with peroxidase-labeled streptavidin/biotin complex (1:100 Avidin solution and 1:100 Biotin solution, 30 min preincubation, Vector Laboratories, Burlingame, California, USA). An amplification step was performed after washings using biotinyl tyramide (15 min, DAKO, Heverle, Belgium). After washings, slides were incubated with peroxidase-labeled streptavidin (15 min, 1:250, Thermoscientific, Rockford, IL, USA) followed by washings.
For both COLIV and HIF1α, sections were developed with Bright-DAB (ImmunoLogic, Duiven, The Netherlands) and counterstained with hematoxylin (Klinipath, Duiven, The Netherlands). For negative controls, the primary antibody was omitted, and no staining was observed in these samples. Native tissue was used for a positive control, showing staining in expected tissue components.
Statistics. Data are presented as means with standard deviation and analyzed with Prism software (version 5.03, Graphpad Software Inc., La Jolla, CA, USA). A one-way ANOVA with Bonferroni post hoc test was performed for statistical analysis of differences between COL-Vicryl-EtO, COL-Vicyl-γ, and native goat ureter.
■ RESULTS Construct Analysis. The macroscopic appearance of the COL-Vicryl-EtO and COL-Vicryl-γ constructs can be seen in Figure 1A ,B. The luminal diameter (13.1 ± 1.1 mm for COLVicryl-EtO and 14.6 ± 1.4 mm COL-Vicryl-γ, respectively) slightly differed due to additional processing (freezing and freeze-drying) required for COL-Vicryl-EtO constructs. Microscopic analysis by scanning electron microscopy and histology showed integration of the Vicryl polymer as indicated by visible collagen−Vicryl connections and a typical honeycomb structure ( Figure 1C,D) . For the COL-Vicryl-EtO constructs, which required additional processing (freezing and freezedrying), a thinner and compressed wall with smaller pores was observed ( Figure 1E,F) . Cross-linking was successful, as indicated by the decrease in free amine groups, and was comparable for both groups: 35% for the COL-Vicryl-γ (reduced to 109 ± 15 nmol/mg) and 37% for the COLVicryl-EtO (reduced to 202 ± 5 nmol/mg). The mechanical 
Article characteristics of the construct were compared to native goat ureter, the primary anastomosis site for the construct in an artificial urostomy, and conform the animal model ( Figure  1G,H) . The COL-Vicryl-γ Young's modulus (2.31 ± 0.67 MPa) was approximately twice as high as that of the ureter (0.95 ± 0.39 MPa), while the COL-Vicryl-EtO showed a Young's modulus only 1.5× as high (1.57 ± 0.75 MPa). The ultimate tensile strength (UTS) and failure strain of the ureter and both constructs was similar (ureter, 0.83 ± 0.26 MPa at 2.6 ± 1.1 mm/mm strain; COL-Vicryl-EtO, 0.66 ± 0.39 MPa at 1.22 ± 0.31 mm/mm strain; COL-Vicryl-γ, 0.74 ± 0.28 MPa at 0.85 ± 0.10 mm/mm strain). Urine exposure resulted in immediate diminished mechanical properties of both construct types at day 3, although the Vicryl was still morphologically visible. In SBF, prolonged mechanical stability was observed until day 14 for both constructs. At day 28, the mechanical properties were lost, and the polymer showed signs of severe degradation. 
Article Degradation Assay. Incubation in goat urine resulted in fast degradation (<7 days) of the Vicryl polymer in both constructs (Figure 2A ). Microscopic analysis revealed negative imprints of the multifilamented Vicryl in the scaffold after 3 days. The collagen structure was barely affected in the COLVicryl-γ constructs. In contrast, swelling of collagen lamellae was seen in the urine-incubated COL-Vicryl-EtO constructs at day 28 ( Figure 2A) . Tensile strength analysis of the ring pieces showed a strongly diminished UTS and Young's modulus, already after 3 days (Figure 2B) , regardless of the sterilization method.
The effect of SBF was less extensive, and Vicryl remnants were still present at 28 days in both constructs, although their original multifilamented structure was lost. Only in the COLVicryl-EtO construct was the collagen substantially affected by SBF and showed swelling of collagen lamellae at 14 and 28 days. The UTS and Young's modulus of the constructs in SBF were maintained for at least 14 days. At this evaluation point, COL-Vicryl-EtO showed higher UTS and Young's moduli than COL-Vicryl-γ, but after 28 days UTS and Young's moduli of both constructs were similar.
Subcutanous Implantation. Subcutaneous implantation was successful in all goats and for all constructs. After one month, a remodeled neo-tissue tube was formed regardless of the sterilization method. The neo-tissue tube was encapsulated but easy to harvest from the subcutaneous pocket ( Figure 3A−  D) . The rims of the neo-tissue, where scaffold material was absent, were fragile and ruptured easily and were therefore eliminated from analysis. After removal of the mandrel, the firm tissue was able to maintain an open lumen and was suitable for translocation to serve as an artificial urostomy. No clear macroscopic differences between the construct types were observed.
Ring pieces of both implants were analyzed by tensile strength analysis and compared to the native goat ureter ( Figure 3E,F) . After subcutaneous implantation, the UTS of the COL-Vicryl-EtO was 0.28 ± 0.03 MPa at 1.04 ± 0.14 mm/ mm strain and 0.40 ± 0.25 MPa at 1.26 ± 0.33 mm/mm strain for the COL-Vicryl-γ. This was significantly lower than the UTS for the native goat ureter (0.83 ± 0.26 MPa at 2.6 ± 1.1 mm/mm strain). The Young's modulus was similar for all groups (ureter, 0.95 ± 0.39 MPa; COL-Vicryl-EtO, 0.56 ± 0.19 MPa; and COL-Vicryl-γ, 0.87 ± 0.72 MPa). The UTS and Young's modulus of the COL-Vicryl-γ implant approximated the native ureter (the tissue to be mimicked in the urostomy) more closely than the COL-Vicryl-EtO.
(Immuno)Histological Analysis of Implants. Detailed microscopic evaluation showed a clear difference between the COL-Vicryl-EtO and the COL-Vicryl-γ implants ( Figure 4 and Table 1 ). The implanted COL-Vicryl-γ constructs were well integrated in the surrounding tissue, and both collagen and the Vicryl polymer were partially degraded. Ingrowing fibroblastlike cells from the surrounding tissue were present within the honeycomb structures of the collagen and between the Vicryl filaments. In contrast, the COL-Vicryl-EtO constructs did not successfully integrate in the surrounding tissue, resulting in a clear boundary between the construct and surrounding tissue in some areas ( Figure 4D ). Degradation of collagen and Vicryl was substantially less in the COL-Vicryl-EtO constructs. In these less degraded areas of the COL-Vicryl-EtO constructs, increased expression of HIF1α + was observed, indicating hypoxia. Although the amount of vascularity was comparable between groups, a different vascular architecture was observed in the luminal area (Table 1 and Figure 5 ). In the COL-Vicryl-γ, an organized layer of COLIV + vasculature was formed, while in the COL-Vicryl-EtO group, an aberrant architecture of vasculature was observed when compared to the vascular bed in normal tissue. Since COL IV staining completely coincided with capillaries, COL IV staining was judged to be an appropriate surrogate marker for the capillary network.
■ DISCUSSION
Clinical implementation of biomaterials requires sterilization with EMA (European Medicines Agency) and FDA (United States Food and Drug Administration) -approved techniques, like γ-irradiation or EtO degassing. In the preclinical phase, materials are generally tested in vitro and in vivo with nonvalidated, in-house disinfection or sterilization methods, to evaluate strength and cyto-and biocompatibility. This study 
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Article shows that sterilization procedures are a crucial aspect in template design as they significantly influence tissue remodeling upon implantation. Therefore, evaluation of the effects of the sterilization procedures should become standard in early biomaterial development. Moreover, we demonstrate that in vitro data cannot be solely used as predictive factors for material behavior in vivo: whereas remodeling of EtO-sterilized constructsthe initial method of choicewas limited, enhanced tissue remodeling was observed after γ-sterilization. That is, the in vivo behavior of templates is heavily dependent on the sterilization methods used. Biomaterial evaluation, preferably in a large animal, is required to facilitate clinical translation and registration as a medical device.
In the in vitro part of this study, we evaluated the mechanical and morphological characteristics of the hybrid tubular constructs. For urological tissue engineering and specifically the artificial urinary conduit, the addition of a reinforcing polymer to the collagen, e.g., Vicryl, is desired to provide additional strength for template functionality and surgical handling. 25, 28 Terminal sterilization of this hybrid tubular construct by EtO degassing or γ-irradiation did not lead to major differences between constructs with respect to the morphological and mechanical characteristics, similar to earlier studies for collagen alone. 29 Other studies already showed that γ-sterilization of collagen results in enhanced enzymatic degradation and reduced integrity and stability due to chain disintegration in collagen molecules in comparison to the nonsterilized construct. In contrast, the structure and stability of EtO-sterilized collagen is reported to remain unaltered and comparable to unsterilized scaffolds. 29, 30 The enhanced tissue remodeling of the γ-irradiated constructs, when placed in a subcutaneous pocket in our study, may well be explained by the γ-irradiation induced alterations of the collagen.
Furthermore, we assessed the influence of a wet environment using either urine, mimicking direct implantation, e.g., when used as an artificial urinary conduit, or Simulated Body Fluid (SBF), mimicking subcutaneous implantation. Interestingly, exposure of both constructs to urine resulted in immediate loss of Vicryl polymer integrity (3 days). This suggests that direct implantation of the construct in the urinary tract will lead to material collapse before sufficient tissue regeneration can occur and may therefore not be advisible. Preimplantation to form neo-tissue may solve this by creating a (semi)autologous construct.
The biomechanical properties of absorbable multifilament sutures, like Vicryl, have been previously evaluated in equine urine and similarly showed a total loss of Vicryl integrity, albeit after 21 days. 31 The absence of any buffering capacity of both goat and equine urine may have influenced Vicryl degradation by enhancing pH-dependent hydrolysis. The higher degradation rate of the Vicryl mesh observed in our study was probably the consequence of additional γ-sterilization of the commercially available and already sterilized Vicryl polymer mesh. 32 Exposing the construct to SBF instead of urine prolonged Vicryl polymer stability up to 2 weeks. At this time, the strength and Young's modulus of the COL-Vicryl-EtO were significantly higher than the COL-Vicryl-γ. After 28 days, signs 
Article of collagen degradation (swelling) were observed in the EtOsterilized construct and not in the γ-sterilized constructs. The swelling may have been the consequence of the thinner and compressed wall in the COL-Vicryl-EtO. The γ-sterilization results in additional cross-linking and strengthening of collagen, which may explain this difference. 33 In contrast, it is well established that sterilization of Vicryl by γ-irradiation results in enhanced degradability due to chain fragmentation. 34 Although this explains the lower Young's modulus of the COLVicryl-γ over time, this in vitro assay only evaluated material degradation, while the creation of an autologous tissue tube is a balance between material degradation and tissue regeneration. Adequate assessment of this balance requires in vivo analysis.
Besides the slightly prolonged stability of the COL-VicrylEtO in a wet environment, neither of the constructs was superior in the in vitro analyses. Both constructs were therefore tested in a subcutaneous implantation model. Interestingly, when the implanted constructs were harvested, tissue ingrowth of preimplanted COL-Vicryl-γ was much further developed compared to EtO-degassed constructs. In accordance with the in vitro data, the Vicryl polymer in the EtO-sterilized constructs was less susceptible to degradation in vivo and contributed to prolonged strength over time. This is in agreement with a previous study showing that γ-irradiation enhanced Vicryl degradation when implanted in the lumbar muscle of rats. 22, 33 It is likely that the enhanced degradation rate of Vicryl facilitates the ingrowth of surrounding tissue and the formation of an organized subluminal vasculature in the preimplanted COL-Vicryl-γ. The aberrant vascular architecture in the COLVicryl-EtO preimplant may have been the consequence of prolonged and increased levels of hypoxia. Full comprehension of the sterilization effect required functional analysis in vivo. Our earlier studies suggested that perhaps prolongation of template stability to achieve sustained mechanical stability might be important in the formation of the artificial conduit. 17 Indeed, our in vitro analyses showed that prolonged stability in a fluid could be accomplished by applying EtO sterilization to the hybrid tubular construct. However, the COL-Vicryl-EtO was not superior in vivo. Clearly, other aspects like cellular ingrowth and vascularization are equally or even more important. Furthermore, mechanical analysis after implantation did not indicate a difference in strength or elasticity, suggesting that the loss of construct integrity is compensated by tissue ingrowth, with no net loss of strength as a result.
Absorption of urine by collagen scaffolds may cause aberrant remodeling. Previously, cell seeded constructs have been tested as urostomy constructs, but this was not very successful, although urine exposure of the collagen graft was limited. 20 In an ongoing pilot experiment, we noticed that creation of an artificial conduit with preimplanted COL-Vicryl-EtO tubes was not successful due to disconnection from the ureter and poor integration to the surrounding tissue. In contrast, when the completely remodeled COL-Vicryl-γ construct was used, this ultimately resulted in a functional conduit (results not shown, manuscript in preparation), showing that urine did not influence the outcome of constructs aligned with cells but that the outcome is more dependent on the sterilization method used.
EtO degassing and γ-irradiation are two of the most commonly used and FDA-approved sterilization techniques and were therefore chosen as comparators. Recently, novel sterilization techniques, like supercritical carbon dioxide (scCO2), have come available, and this may provide a valuable alternative. 35 In combination with an altered collagen component and/or bioreactor conditioning in combination with cells, this may ultimately lead to superior constructs for in vivo use. Our study shows that for full comprehension of the effect of a novel sterilization method on in vivo biomaterial behavior, a complete panel of analyses ranging from mechanical characterization to implantation in a functional setting in a large animal model is essential.
■ CONCLUSION
Thorough analysis of the in vitro and in vivo behavior of sterilized collagen-Vicryl tubular templates shows that the effect of final sterilization is considerable. Subcutaneous implantation of a γ-sterilized hybrid template resulted in better tissue remodeling compared to EtO-sterilized constructs. This study shows that sterilization affects tissue remodeling upon implantation. Clinical translation of tissue engineered biomaterials can only be achieved when EMA-FDA-approved sterilization methods are included in a full panel of in vitro and in vivo analyses.
